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The  crystallization  of  lead  zirconate  titanate  (PZT)  thin  films 
was  evaluated  on  two  different  platinum-coated  Si  substrates. 
One  substrate  consisted  of  a  Pt  coating  on  a  Ti  adhesion  layer, 
whereas  the  other  consisted  of  a  Pt  coating  on  a  Ti02  adhesion 
layer.  The  Pt  deposited  on  Ti02  exhibited  a  higher  degree  of 
preferred  orientation  than  the  Pt  deposited  on  Ti  (as  measured 
by  the  Full  Width  at  Half  Maximum  of  the  111  peak  about 
the  sample  normal).  PZT  thin  films  with  a  nominal  Zr/Ti  ratio 
of  52/48  were  deposited  on  the  substrates  using  the  inverted 
mixing  order  (IMO)  route.  Phase  and  texture  evolution  of  the 
thin  films  were  monitored  during  crystallization  using  in  situ 
X-ray  diffraction  at  a  synchrotron  source.  The  intensity  of  the 
Pt3Pb  phase  indicated  that  deposition  on  a  highly  oriented  Pt/ 
Ti02  substrate  resulted  in  less  diffusion  of  Pb  into  the  sub¬ 
strate  relative  to  films  deposited  on  Pt/Ti.  There  was  also  no 
evidence  of  the  pyrochlore  phase  influencing  texture  evolution. 
The  results  suggest  that  PZT  nucleates  directly  on  Pt,  which 
explains  the  observation  of  a  more  highly  oriented  111  texture 
of  PZT  on  the  Pt/Ti02  substrate  than  on  the  Pt/Ti  substrate. 

I.  Introduction 

Lead  zirconate  titanate  (PZT)  thin  films  are  useful  in  a 
number  of  applications,  including  microelectromechani 
cal  systems  (MEMS)  and  decoupling  capacitors. PZT  com 
positions  near  the  morphotropic  phase  boundary  (MPB,  Zr/ 
Ti  52/48)  are  widely  used  because  these  compositions  exhi 
bit  higher  piezoelectric  coefficients  than  those  further  from 
the  MPB.^  Texture  is  an  important  feature  of  thin  films  and 
is  defined  as  a  nonrandom  distribution  of  crystallographic 
orientations.^  For  the  purposes  of  describing  different  charac 
teristics  of  the  texture  in  samples  used  in  prior  and  present 
work,  the  following  nomenclature  is  adopted.  The  texture 
component  is  described  by  planes  that  are  dominantly  ori 
ented  parallel  to  the  film  using  the  Miller  indices  in  the  for 
mat  hkl.  A  certain  fraction  of  the  crystallites  in  the  material 
may  have  such  an  orientation,  and  this  fraction  is  referred  to 
as  the  texture  fraction.  The  distribution  of  these  crystallites 
about  the  sample  normal  direction  describes  the  strength  or 
degree  of  orientation  of  a  particular  texture  component. 
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Control  of  the  final  texture  can  allow  tailoring  of  the  pie 
zoelectric  properties  of  the  thin  films. ^  For  thin  film  process 
ing,  chemical  solution  deposition  (CSD)  has  proven  effective 
in  being  able  to  control  the  texture  of  the  film.^  The  sub 
strates  selected  for  use  in  CSD  are  an  important  factor  for 
controlling  texture  of  PZT  thin  films.  For  instance,  it  is 
reported  that  Pt  thin  film  coated  Si  substrates  with  higher 
density  and  stronger  111  texture  can  provide  enhanced  111 
textured  PZT,  thereby  improving  ferroelectric  characteris 
tics.^  It  has  also  been  suggested  that  improved  ferroelectric 
characteristics  result  from  a  decrease  in  Pb  diffusion  at  the 
film/Pt  interface  and  templated  PZT  growth  from  enhanced 
111  textured  Pt.^ 

Texture  of  PZT  thin  films  can  also  be  influenced  by  alter 
ing  the  processing  conditions  during  crystallization,  such  as 
heating  rate.^^“^^  For  example,  fast  heating  rates  may  result 
in  111  texture  of  the  thin  films  on  111  textured  Pt  sub 
strates.  In  contrast,  slow  heating  rates  for  crystallization 
have  been  shown  to  promote  100  texture  and/or  random  ori 
entation  in  the  thin  films. Observations  such  as  these  sug 
gest  that  heterogeneous  nucleation  occurs  at  the  film/ 
substrate  interface  during  crystallization  at  fast  heating  rates, 
while  slow  heating  rates  may  promote  more  homogeneous  or 
randomly  oriented  nucleation  during  crystallization. 

To  explain  the  texture  evolution  of  PZT  thin  films  on  111 
Pt  substrates,  several  mechanisms  for  the  nucleation  of  111 
texture  in  the  thin  films  have  been  proposed. Based  on 
the  hypothesis  that  similar  lattice  parameters  between  Pt  and 
PZT  decrease  the  activation  energy  for  the  formation  of 
PZT,  Nittala  et  al.  suggested  that  111  textured  Pt  substrates 
nucleate  111  PZT  thin  films. However,  Huang  et  al  sug 
gested  that  transient  111  Pt3Pb  nucleates  111  PZT  during 
crystallization  because  the  lattice  of  PtsPb  better  matches 
PZT  than  Pt.^^’^^  An  alternative  theory  is  that  the  other 
common  transient  phase  during  crystallization,  a  pyrochlore/ 
fluorite  phase,  transfers  its  111  texture  to  the  111  texture  of 
PZT  during  crystallization.^^  These  results  suggest  a  lack  of 
consensus  concerning  the  proposed  mechanism(s)  for  the 
nucleation  of  111  texture  in  thin  films. 

To  evaluate  the  nucleation  mechanisms  of  PZT  thin  films, 
it  is  important  to  understand  the  orientation  relationship 
between  the  resultant  PZT  and  the  transient  phases  that 
occur  during  crystallization.  The  formation  of  phases  and 
their  orientation  relationships  during  crystallization  of  thin 
films  can  be  examined  using  in  situ  X  ray  diffraction 
(XRD).^^’^^  In  the  current  study,  phase  and  texture  evolution 
of  PZT  thin  films  are  investigated  using  in  situ  XRD  on  two 
different  Pt  coated  silicon  substrates:  a  commercial  Pt/Ti/ 
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Si02/'Si  substrate  and  a  Pt/Ti02/Si02/Si  substrate  with  stron 
ger  1)1  Pt  texture.  The  influence  of  strength  of  texture  in  the 
substrates  on  final  texture  of  the  PZT  thin  films  is  discussed. 
Control  of  texture  is  also  investigated  at  different  heating 
rates,  allowing  funher  insight  into  the  nudeation  mechanisms 
associated  with  texture  selection  of  PZT  thin  films. 

[L  Experimeiilal  Procetlure 

One  substrate  was  a  commercial  platinized  silicon  substrate 
procured  from  Silicon  Quest  Internationai  (SQ)),  Santa 
Clara,  CA,  and  consisted  of  Pt  (170  nm)/Ti  (40  nmj/SiOi 
(400  nm)/Si.  The  SQl  sourced  substrates  were  fabricated 
according  to  customer  specifications  by  dc  sputtering  from  Ti 
and  Pt  metallic  targets  in  an  Ar  atmosphere  without  healing 
the  substrate.  The  second  was  a  textured  Pl/TiO^  coated  Si 
substrate  consisting  of  Pt  (100  nm)/Ti02  (20  nm)/Si02 
(500  nm)/Si  obtained  from  the  U,S.  Army  Research  Labora 
lory.  The  processing  of  the  textured  Fh/TiO^  coated  Si  sub 
siraies  is  described  in  Potrepka  et  a!.  In  this  process,  a 
highly  OOOi  textured  Ti  layer  is  sputtered  at  room  tempera 
ture  onto  a  SiO^  coated  Si  substrate.  Next,  the  Tt  layer  is 
converted  into  a  highly  100  textured  TiO:  layer  through  a 
750^C  anneal  in  an  oxygen  environment.  Finally,  !H  tex 
tured  Pt  is  sputtered  onto  the  TiO^  at  500*C. 

PZT  thin  film  samples  were  prepared  using  0.35M  solu 
tion  do'ived  Pb(Zro.52Tio.4a)03  with  20%  Pb  excess  through 
the  inverted  mixing  order  (I MO)  method  detailed  by  Sch 
wartz  ei  The  dispensed  PZT  solution  w'as  spin  cast  for 
30  s  at  3000  rpm  on  two  different  square  sections  of  the  plat 
inized  silicon  substrates.  Pyrolysis  of  the  PZT  thin  films  was 
completed  on  a  hotplate  for  1  min  either  at  JOO'^C  for  the  Ft/ 
Ti  coaled  substrates  or  350®C  for  the  PZT  on  the  textured 
Pl/TiO^  coated  substrates.  The  spin  coating  and  pyrolysis 
sequence  were  repeated  twice  more,  for  a  total  of  three  pyro 
lysis  treatments  per  sample  to  achieve  a  thickness  of  250  nm 
after  crystallization.  The  hotplate  temperature  was  monitm^ed 
using  an  external  IR  laser  digital  thermometer  (HDE  BOI; 
HDE  Allentown,  PA). 

Jn  Situ  XRD  experiments  were  conducted  using  synchro 
Iron  X  ray  beamline  6  ID  B  at  the  Advanced  Photon  Source, 
Argonne  National  Laboraloiy.  The  wavelength  of  the  syn 
chrotron  X  ray  is  0.5461iJ6  A.  A  graphic  representation  of 
the  in  situ  XRD  geometry  is  shown  in  Fig.  1(a).  A  low  inci 
dence  angle  (-0.5”)  of  the  X  ray  beam  was  used  to  maximize 
the  interaction  volume  in  the  thin  flints.  XRD  patterns  of  thin 
films  during  heating  were  recorded  in  a  2D  detector.  The  thin 
films  were  crystallized  during  heating  at  different  rates  with 
the  heating  rates  controlled  by  applying  a  voltage  on  an  IR 
lampn  The  voltage  was  controlled  using  a  digital  to  analog 
converter  program  providing  a  voltage  signal  between  0  V 


and  5  V  to  a  sohd  state  power  controller  (Control  Concepts 
Inc,  1032  A,  Chanhassen,  MN).  This  measurement  setup 
been  discussed  in  detail  and  used  in  prior  work.^^*^® 

Rq>resentalive  XRD  patterns  recorded  in  the  2D  detector 
are  shown  in  Fig.  1(b).  The  paltems  are  referenced  by  azi 
muihal  angle  (y)  and  radial  thstance  (r).  The  radial  distance 
(r)  from  the  beam  center  on  the  2D  detector  is  directly 
related  to  the  20  angle  and  the  sample  to  detector  distance 
(/>)  through  the  following  relaiion: 

mfl20^r/D.  (]) 

Data  reduction  of  the  XRD  patterns  w'as  conducted  for 
phase  and  texture  analysis  with  different  radial  distance  (r) 
and  azimuthal  angles  For  example,  diffraction  iniensi 
lies  versus  20  over  the  y  range  in  Section  1  [Fig.  l(b)l  can  be 
integrated.  The  collection  of  the  integrated  diffraction  iniensi 
lies  during  heating  can  be  plotted  as  a  function  of  20  and 
temperature.  This  representation  is  referred  to  as  a  phase 
evolution  plot,  an  example  of  which  is  given  in  the  left  hand 
side  of  Fig,  2.  Also,  the  intensities  of  hki  reflections  in 
Section  II  [Fig.  1(b)]  can  be  integrated  through  20  over  the 
y  range.  The  collection  of  the  integrated  diffraction  intensities 
during  heating  can  be  plotted  as  a  function  of  y  and  temper 
ature.  This  representation  is  referred  to  as  a  texture  evolution 
plot,^  as  shown  in  the  center  column  of  Fig.  1 

Temi>erature  profiles  during  in  situ  measuronents  were 
determined  from  the  coeflicieni  of  thermal  expansion  (CTE) 
of  an  intemal  standard  in  an  additional  set  of  measurements. 
Details  of  the  temperature  calibration  arc  described  in  previ 
ous  work,^^  The  temperature  profiles  are  shown  in  parallel 
with  the  phase  and  texture  evolution  plots  in  F'ig.  2.  Tcte 
the  figure  refers  to  the  temperature  determined  via  this 
approach.  The  corresponding  average  heating  rates  for  the 
dilTerenl  voltage  rates  used  for  the  in  situ  XRD  measure 
ments  are  also  shown  in  the  figure. 

Integrated  intensities  and  the  Full  Width  at  Half  Maxi 
mum  (FWHM)  of  the  intensity  of  the  hki  texture  compo 
nents  in  PZT  were  extracted  from  the  texture  evolution  plots 
in  Fig,  2  (center  panel).  The  Pearson  VII  profile  shape  func 
lion  was  used  to  fit  the  measured  intensities  and  extract 
quantitative  information  about  the  component  texture  frac 
lions  and  strengths.  Background  intensities  were  modeled 
using  a  linear  polynomial  function.  The  background  iniensi 
ties  correspond  to  both  conventional  background  scattering 
and  diffraction  intensities  from  randomly  oriented  grains. 
The  texture  fraction  of  a  given  texture  component  hki  can  be 
calcuiated  using  the  integrated  intensity  and  the  multiplicities 
of  the  pseudo  cubic  {110}  reflections,  as  described  in  Refs. 
[17]  and  [18].  Further  details  of  the  in  situ  synchrotron  X  ray 


Fig,  I.  (a)  Schematic  diagram  of  the  experimental  geometry  used  on  beamtine  6  ID  B  for  in  situ  crystallization  of  lead  zirconate  titaoate  thin 
films,  and  (b)  representative  2D  detector  image. 
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Fig.  2.  Phase  (1®^^  panel)  and  texture  evolution  (center  panel)  plots  of  PZT  thin  films  on  Pt  substrates:  (a)  Pt/Ti  coated  substrate^  and  (b)  Pi/ 
TiOi  coated  substrate. 


measurements  and  data  analysis  tbat  are  used  here  have  been 
described  in  Mttala  et  al}- 

IIL  Results  and  Discussion 

The  differences  between  the  textures  of  the  initial  Pt  sub 
straies  are  discussed  first.  The  initial  texture  of  the  Pt  sub 
strates  is  shown  using  the  intensity  of  the  111  Debye 
Scherrer  ring  as  a  function  of  azimuthal  angle.  These  data 
are  extracted  from  the  initial  images  of  both  substrates  and 
are  shown  in  Fig.  3(a).  Peaks  in  dififracted  1 1 1  intensity  were 
observed  at  angles  of  y  72°,  0°,  and  72°  from  both  Pt 
substrates.  A  low  1 1 1  diffracted  intmsity  measured  at  y  O'" 
for  the  textured  Pt/TiO^  coated  Si  substrates  is  because  the 
scattering  geometry  does  not  measure  planes  perfectly  paral 
lei  to  the  thin  films. In  this  diffraction  geometry  that 
employs  a  2D  area  detector,  the  dififracted  intensity  of  111 
texture  components  from  a  strong  111  Pt  substrate  may  be 
decieased  in  the  near  vertical  direction  of  the  2D  detector 
(y  90°).^^  The  measurements  shown  in  Fig.  3(a)  ate  similar, 
but  not  equivalent,  to  a  rocking  curve  over  a  large  angular 
range.  An  obvious  difference  between  these  intensity  distribu 
lions  from  the  two  substrates  before  heating  is  that  the 
FWHM  of  the  peak  from  the  textured  Pt/TiO^  coated  sub 
straies  (2.7°)  is  narrower  than  that  in  the  Pt/Ti  substrates 
(5.2°).  This  difference  in  the  strength  of  1 11  Pt  texture  is  evi 
dence  that  the  Pt/TiOj  coated  substrates  have  a  stronger  tex 
ture  than  that  of  the  Pt/Ti  coated  substrates. 

Representative  XRD  patterns  of  the  PZT  thin  films  after 
crystallization  are  shown  in  Fig.  3(b)  for  both  Pt  substrates. 
XRD  patterns  show  that  the  films  consist  of  a  phase  pure 
pseudo  cubic  (PC)  perovskite.  A  major  difference  between 
the  XRD  patterns  from  the  films  on  the  two  substrates  is 
that  the  intensity  of  the  {lll}t>c  profile  (consisting  of  any  or 
all  (111)  refiections  from  perovskite  phase(s))  is  higher  in  the 
film  crystallized  on  the  textured  Pt/Ti02  coated  Si  sobstraie. 
This  demonstrates  a  correlation  between  the  111  Pt  texture 


strength  of  the  Pt/Ti O2  coated  substrates  and  the  resulting 
texture  of  the  PZT  thin  film,  a  result  that  is  consistent  with 
prior  work.^ 

To  mvesligate  the  phase  evolution  during  crystallization  of 
PZT  thin  films,  lepresentative  XRD  patlems  of  the  thin  films 
during  heating  are  shown  on  the  left  hand  side  of  Fig.  2.  The 
data  show  refiections  (7°  <  20  <  17°)  between  y  70°  and 
80°  on  the  detector  that  correspond  to  scattering  vectors  that 
are  -70°  from  the  normal  to  the  film.  The  peak  positions  cor 
responding  to  the  PZT  and  pyrochlore  phase  are  indicated 
using  tick  marks  above  the  figuie.  A  aniilar  sequence  in  the 
phase  evolution  is  observed  in  the  thin  films  on  both  sub 
strates  as  shown  on  the  left  hand  side  of  Fig.  2.  The  thin 
films  are  initially  amorphous.  During  heating,  the  intermetai 
lie  Pt^Pb  phase  was  the  first  phase  to  be  observed  in  both 
films.  (Note  the  difference  in  intensity  of  this  peak  between 
the  two  films,  which  is  discussed  later)  The  Pt3pb  phase  dis 
appeared  in  conjunction  with  the  formation  of  a  pyrochlore 
phase.  Finally,  perovskite  PZT  phase  was  observed  with  the 
disappearance  of  the  pyrochlore  phase. 

The  formation  of  an  intermetalic  Pt^Pb  phase  has  been 
proposed  due  to  Pb  diffusion  from  amorphous  PZT  thin 
films  into  the  Pt  substrate.^^’^^'^^  During  crystallization  of 
the  thin  films,  the  elimination  of  organic  compounds  leads  to 
the  formation  of  local  reducing  conditions  at  the  Pt/fiJm 
interface.^^^^®  These  local  reducing  conditions  allow  the 
reduction  of  the  Pb  precursor  (Pb^’^)  in  the  thin  films  10 
metallic  Pb  (Pb®).^^’^"^  The  metallic  Pb  diffuses  into  the  Pt 
substrate,  formir^  the  PtjPb  phase.  The  extent  of  the  local 
reducing  conditions  d^ends  on  the  combustion  of  precursor 
organics  as  well  as  the  extent  of  oxygen  difiFusion  from  the 
surroundings  to  the  Pi/film  inter  face.  In  Fig.  2,  PtsPb 
was  observed  during  the  crystallization  of  PZT  thin  ffims  on 
both  Pt  substrates.  However,  the  maximum  intensity  of  (111) 
PtjPb  on  the  Pt/Ti02  coated  substrate  is  weaker  than  that  on 
the  Pt/Ti  coated  substrate.  This  observation  may  indicate 
that  the  high  density  Pt  on  the  Pt/TiCb  coated  substrate  is 
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AEimuthal  angle  (°} 


Fis-  3.  (a)  Azimuthal  angle  intensity  plot  of  Ft  substrates,  atid  (b) 
XRD  patterns  of  lead  zirconate  titanate  thin  films  on  Ft  substrates 
after  crystallizatioo.  FC  refers  to  pseudo  cubic  crystal  structure. 

effective  in  limiting  the  diffusion  of  Pb  from  the  thin  ffJms 
into  the  Pt  layer  and  minimizes  accumulation  along  easy  dif 
fusion  pathways  such  as  grain  boundaries  and  pores.^ 

Another  hypothesis  for  the  formation  of  less  Pt^Pb  in  the 
Pt/Ti02  coated  substrate  is  that  there  is  less  reduction  of  ele 
mental  Pb  from  the  amorphous  P2T  layer  because  a  fully 
oxidized  TiOi  adhesion  layer  would  not  deplete  oxygen  from 
the  amorphous  PZT  during  heating,  resulting  in  Jess  reducing 
conditions  at  the  Pt/fiJm  interface.  This  may  reduce  the  diffu 
sion  of  Pb  from  the  amorphous  layer  into  the  Pt  substrate. 
Phase  evolution  of  PZT  thin  films  on  Pt/TiO^  coated  sub 
strates  at  different  heating  rates  is  shown  in  Fig.  4  (left 
panel).  The  intensity  of  the  (111)  reflections  of  PlsPb  on  Pt/ 
Ti02  coated  substrates  was  found  to  decrease  with  decreasing 
heating  rates  (Fig.  4).  This  suggests  that  more  oxygen  can 
diffuse  into  the  Pt/film  interface  at  slower  heating  rates  to 
compensate  for  the  loss  of  oxygen  during  the  removal  of 
organic  compounds. in  a  previous  study,  a  decrease  in 
intensity  of  the  (J 1 1)  reffections  of  Pt3pb  with  decreasing 
heating  rates  was  also  observed  on  similar  Pt/Ti  coated  sub 
strates. 

1 1 1  textured  Pt  substrates  have  been  suggested  to  promote 
1 1 1  texture  of  the  Pt3pb  phase  during  crystallization  of  PZT 
thin  films.  ^®To  investigate  the  orientation  relationship 
between  Pi  and  Pt^Pb,  the  reffections  of  Pt  and  Pt^Pb  over 
the  y  range  weie  extracted.  The  azimuthal  angle  20  plot  of 
the  Pt3pb  and  Pt  is  presented  in  Fig.  5  for  the  time  during 
the  experiment  when  the  intensity  of  PtsPb  is  at  its  maximum 
value.  Similar  nonuniform  intensity  distribution  is  observed 
in  the  111  Etebye  Scherrer  rings  of  Pt  and  Pt3Pb.  For  exam 
pie,  the  diffraction  intensity  from  both  the  Ml  Pt  and  111 
Pt3pb  is  present  at  the  y  angles  of  72°,  0°,  and  72'"  near  the 
20  range  An  extension  of  this  idea  to  other  hkl  reffec 

tions  results  in  a  similar  observation,  that  is,  that  there  is  an 
orientation  relationship  between  Pt3pb  and  Pt. 

The  transient  Ml  ^3Pb  was  also  previously  suggested  to 
promote  111  texture  of  PZT  thin  films  due  to  good  lattice 
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Fig.  4.  Phase  {left  panel)  and  texture  (center  panel)  evolution  plots 
of  lead  zirconate  titanate  thin  films  on  Ft.TiOi  coated  substrates  at 
different  heating  rates  (right  panel).  The  vertical  direction  for  each 
panel  is  acquisition  time  and  each  plot  uses  an  independent  time 
scales.  (Instantaneous  hearing  is  represented  as  Inst.). 


matching. If  111  texture  in  PZT  is  nudeated  by  111 
Pi3Pb,  then  the  diffraction  intensities  of  these  two  phases 
should  overlap  during  heating.  However,  as  observed  in 
Fig.  6,  there  is  no  coexistence  of  the  (111)  reflection  of  PtjPb 
and  the  (Ml)  reffection  of  PZT  on  either  of  the  Pt  substrates. 
It  is  assumed  that  Pt3pb  disappears  completely  when  there  is 
no  intensity  observed  in  the  XRD  patterns.  The  1 1 1  PZT 
forms  after  the  disappearance  of  the  1 1 1  Pt3Pb  and,  as  a 
result,  it  can  be  inferred  that  the  1  M  Pt3pb  does  not  nucleate 
1 1 1  PZT.^^  As  the  intermetaliic  disappears,  lead  (or  lead 
oxide)  from  the  Pt3pb  could  be  incorporated  into  the  pyroch 
lore  phase  of  the  film  or  the  Pt  substrates,  as  discussed  in 
Ref.  [17].  The  lack  of  ov^lap  between  PZT  and  Pt3pb  reflec 
lions  is  observed  at  all  heating  rates  [Fig.  4  (leff  panel)]. 
Thus,  there  is  no  evidence  that  a  Ml  textured  PtsPb  inffu 
ences  the  formation  of  1  M  PZT  thin  films. 

Given  the  observation  that  Ml  oriented  nuclei  of  Pt3pb 
do  not  provide  nucJeation  sites  for  Ml  oriented  PZT,  a  sec 
ond  hypothesis  introduced  earlier  involving  the  possibility  of 
an  intermediate  pyrochlore  phase  promoting  Ml  textured 
PZT  is  now  considered  and  discussed.  To  investigate  the  tex 
ture  of  the  pyrochlore  phase,  the  intensity  distribution  of  the 
(222)  reffection  of  the  pyrochlore  phase  (10.6*  <  20  <  11.4°) 
is  shown  in  Fig.  7.  It  has  been  suggested  that  the  formation 
of  the  pyrochlore  phase  from  amorphous  PZT  occurs  prior 
to  the  formation  of  perovskite  PZT  due  to  easier  atomic 
rearrangement  with  lower  energy. Preferred  orientation  of 
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Fig,  5.  Azimuthal  angle  20  plot  of  Pt3Pb  and  Pt  at  the  maximum 
peak  intensity  during  crystallization:  (a)  Pt/Ti  coated  substrate,  and 
(b)  R/TiO^  coated  substrate. 


the  pyrochlore  phase  is  suggested  to  influence  the  finai  tex 
ture  of  PZT  thin  films.  For  example,  Norga  et  proposed 
that  111  textured  pyrochlore  phase  is  nucleated  by  the  Pt 
substrate,^^  The  111 -textured  pyrochlore  phase  is  said  to 
transform  to  perovskite  PZT  while  maintaining  an  orienta 
tion  relationship  with  the  Pt  substrate?^  A  broad  and  weak 
intensity  distribution  of  the  (222)  reflection  of  the  pyrochlore 
phase  over  the  y  range  was  observed  prior  to  the  formation 
of  perovskite  PZT  thin  films  on  both  substrates,  which 
implies  that  the  pyrochlore  phase  is  almost  randomly  ori 
ented  prior  to  the  formation  of  PZT  thin  films.  It  is  therefore 
likely  that  the  pyrochlore  phase  is  not  heterogeneously  nucle 
ated  at  the  Pt/fiJm  interface.  Thus,  there  is  no  evidence  from 
this  study  that  a  J 1 1  textured  pyrochlore  promotes  111  tex 
lure  of  PZT  thin  films. 

In  prior  work,  it  was  determined  that  the  texture  selection 
in  IMO  derived  PZT  thin  films  on  Pt,/Ti  coated  substrates 
was  strongly  afifecied  by  the  heating  rate.^^  To  understand 
the  formation  of  texture  in  PZT  thin  films  deposited  on  Pt/ 
TiO^  coated  substrates,  (1 10)pc  reflections  (10.6°  < 

26  <  1 1 .4°)  over  the  y  range  during  heating  are  shown  in 
Fig.  4  (center  panel).  Tick  marks  above  indicate  the  positions 
of  peaks  corresponding  to  different  types  of  possible  PZT 
textures,  in  the  films,  diffracted  intensity  from  the  111  PZT 
texture  component  was  observed  prior  to  the  KM)  texture 
component  during  heating.  In  addition,  strong  111  texture 
with  weak  intensity  of  100  texture  was  observed  in  fully  crys 
tallked  films.  However,  the  texture  selection  in  the  thin  films 
also  strongly  depends  on  heating  rates  during  crystallization, 
as  shown  in  the  center  panel  of  Fig.  4:  a  dominant  1 1 1 
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Fig.  6.  Phase  evolution  plots  of  (111)  Pt3Pb  and  (111)  lead 
zirconate  titan  ate  during  crystalJi^tion:  (a)  Pt/Ti  coated  substrate, 
and  (b)  Pt/TiOi  coated  substrate. 
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Fig.  7,  Texture  of  the  pyrochlore  phase.s  prior  to  the  forma  don  of 
lead  zirconate  titan  ate. 


texture  was  observed  at  faster  heating  rates,  whereas  a  111 
texture  with  random  components  was  observed  at  slower 
heating  rales.  This  implies  that  a  dommant  heterogeneous 
nucleation  of  111  PZT  texture  occurs  at  faster  heating  rates. 

Quantitative  assessment  of  the  diffraction  patterns  can 
provide  further  insight  into  the  mechanisms  associated  with 
texture  selection  of  PZT  thin  films.  Nittala  et  demon 
strated  this  to  understand  the  nucleation  mechanisms  using 
both  FWHM  and  the  texture  fraction  of  IMO  derived  thin 
films  on  Pt/Ti  coated  substrates. It  was  su^ested  that  a 
1 1 1  Pt  coated  substrate  can  provide  energetically  fevorable 
nucleation  sites  and  decr^se  the  nucleation  energy,  promo t 
ing  the  formation  of  111  texture  in  PZT  thin  films. In  the 
present  work,  the  final  FWHM  and  different  types  of  texture 
components  are  shown  in  Fig.  8  as  a  function  of  heating 
rate.  The  FWHM  of  the  11 1  PZT  texture  components  is  sim 
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Fiji.  »■  (a)  Full  Width  at  Half  Maximum  (FWHM)  of  the  100  and 
111  texture  components  of  lead  zirconate  titanate  thin  films  at  the 
maximum  temperature  during  crystallization  and  FWHM  of  111 
texture  components  in  R.TiO^  coated  substrate  prior  to  the 
crystallization,  and  (h)  Texture  fraction  of  different  texture 
components  at  different  voltage  rates  at  the  maximum  temperature 
during  crystallization  (Instantaneous  heating  is  represented  as  Inst.). 


ilar  in  Pt/TiOs  coated  substrates  at  all  heating  rates.  More 
over,  the  FWHM  values  are  similar  to  those  of  the  111  Pt 
substrates.  The  results  support  that  1 1 1  PZT  texture  of  the 
thin  films  is  derived  via  lemplated  growth  from  the  111  ori 
ented  Pt.^^  In  contrast,  the  FWHM  of  lOD  PZT  texture  com 
ponents  is  much  broader  than  the  111  PZT  texture 
components  at  all  heating  rates  and  is  approximately  HP  for 
the  fastest  heating  rate.  It  was  also  observed  that  the  FWHM 
of  the  100  texture  component  slightly  decreases  with  a 
decrease  in  the  heating  rate. 

in  the  PZT  thin  films  on  Pt/TiO^  coated  substrates,  as 
shown  in  Fig.  8(b),  the  fraction  of  111  PZT  texture 
incr^sed  with  increasing  heating  rates,  which  implies  that 
faster  heating  rates  may  enable  heterogeneous  nucleation  of 
the  1 1 1  PZT  oiientabons  on  111  Pt  substrates.  Conversdy, 
the  fraction  of  raitdom  components  increased  with  decreas 
ing  heating  rates.  In  previous  work  on  Pt/Ti  coated  sub 
sirates,  the  100  texture  components  also  increased  at  slower 
heating  rates. In  contrast,  however,  the  present  work 
shows  that  the  fraction  of  100  PZT  texture  components  on 
the  Pt/TiOi  coated  substrate  is  not  a  strong  function  of 
heating  rate.  In  the  presait  work,  the  inverse  correlation 
between  the  fraction  of  random  and  111  PZT  textuie  com 
ponents  suggests  a  balance  between  preferential  (1 1 1)  nucle 
ation  and  randomly  oriented  nucleation.^®  The  present 
results  show  that  the  heating  rate  is  a  useful  variable  that 
can  be  used  to  control  this  balance.  The  magnitude  of  111 
texture  fraction  observed  in  Pt/TiO^  coated  substrates  (74 Vo, 
as  shown  in  Fig.  8)  is  also  substantially  larger  relative  to 
that  observed  on  Pt/Ti  coated  substrates  (50%,  as  shown  in 
Ref.  17).  The  results  from  Fig.  8  therefore  provide  further 
evidence  that  substrate  texture  strength  and  fraction  are  key 
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factors  to  increasing  the  1 1 1  texture  strength  and  fraction  of 
PZT  thin  films. 


IV.  Conclusions 

Chemical  solution  deposition  using  the  IMO  method  was 
used  to  prepare  PZT  thin  films  on  two  Pt  coated  Si  sub 
strates:  one  using  a  Pt/Ti  coating  with  a  broader  Pt  (111) 
FWHM,  and  the  other  using  a  Pt,rri02  coating  with  a  nar 
rower  Pt  (111)  FWHM.  Phase  and  texture  evolution  of  PZT 
thin  films  during  heating  at  different  rates  were  investigated 
using  in  situ  synchrotron  XRD.  During  heating,  less  diffusion 
of  Pb  into  Pt  occurred  from  the  thin  fikns  crystallized  on  Pt/ 
Ti02,  evidenced  by  lower  intensity  of  the  (111)  refiection  in 
the  transient  PtsPb  phase.  Also,  stronger  111  PZT  texture 
was  observed  in  films  crystallized  on  Pt/TiO^  versus  Pt/Ti.  In 
addition,  faster  heating  rates  during  crystallization  are  found 
to  be  effective  to  enhance  Ml  textured  PZT.  There  is  no  evi 
dence  that  Pt3pb  and  pyrodilore  phases  nucleate  111  PZT 
during  heating.  The  results  support  the  theory  that  111  tex 
ture  of  the  thin  films  may  be  nucleated  directly  from  111  Pt 
substrates.  It  is  concluded  that  stronger  111  textured  Pt  sub 
strates  play  an  important  role  in  synthesizing  strongly  111 
oriented  PZT  thin  films. 
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